For differences among materials to be easily detected, low variation in in vitro wear tests is desirable. The working hypothesis of this paper was that antagonists standardized for shape and size and according to materials would show mean values similar to those found in natural, non-standardized cusps, and that standardization would lead to a reduction in mean variation. First, the shapes and sizes of palatal cusps of non-erupted human upper third molars were measured. The cusp cupola was best described by the formula y = 0.001 x2 and was symmetrical around the axis of rotation. Up to 200 pm of the y-axis, this parabola corresponded best to a ball radius of 0.6 mm. Based on this information, standardized antagonists were fabricated from both human enamel and steatite. Wear in the occlusal contact area and the wear of opposing conventional ceramic and fine hybrid composite, respectively, were quantified in a computerized chewing simulator. As a control, natural human enamel cusps were used. Standardization of enamel cusps did not reduce the variation of the resulting wear compared with that of non-standardized enamel antagonists. Furthermore, standardization led to significantly different results both in the antagonists and in the opposing restorative materials. Thus, natural enamel antagonists are preferable for the simulation of wear in the occlusal contact area.
Introduction
To determine resistance to wear in newly developed restorative materials, researchers increasingly rely on in vitro simulations. A distinction should be made between the simulation of wear in the occlusal contact area (OCA) and that in the contact-free occlusal area (CFOA) (Lambrechts, 1983) . The latter is carried out by means of three-body wear tests involving toothpastes, PMMA balls, or millet and poppy seed suspensions (Bjorn and Lindhe, 1966; De Gee et al., 1986; Finger and Thiemann, 1987) . To simulate the twobody wear that occurs in the occlusal contact area, simple pin-on-disc tests or sophisticated chewing simulators are used (Rice et al., 1982; DeLong and Douglas, 1983;  Roulet, 1987; Krejci, 1992) . For these tests, the antagonists used usually consist of metal, hydroxyapatite, bovine enamel, or human enamel, depending on the methodology. Ideal clinical simulations call for intact human enamel as the antagonist of choice, which is sometimes problematic.
First, the shapes of natural enamel antagonists have not been standardized. Furthermore, the composition of enamel is not precisely defined (Schroeder, 1992) , and natural human enamel cusps are difficult to harvest in sufficient numbers for serial investigations. Consequently, a synthetic material is being sought to replace enamel as the antagonist, and steatite has been proposed as a suitable enamel substitute (Wassel et al., 1991; Fang et al., 1993) . These studies, however, investigated only the loss of restorative material, not of the steatite antagonist. In addition, the shapes and sizes of the antagonist cusps were selected arbitrarily.
The working hypothesis of the current study was that antagonists standardized as to shape, size, and material would yield in vitro wear scores similar to those found when natural, non-standardized enamel cusps were used. In addition, standardization might reduce the mean variation in wear scores. In the first phase of the study, the standard shape of an antagonist was established. In the second phase, the loss of substance in natural enamel cusps was compared 713 J Dent Res 78(2) 1999 with that found in human enamel standardized for shape and size, and also with steatite cusps. The influence of these antagonists on wear in fine hybrid composites and in conventional ceramics was quantified.
Materials and methods

Definition of a standard antagonist cusp
To define a standard antagonist cusp, we measured nonabraded extracted human teeth. Since, as a rule, upper molar antagonists are used in wear simulators (Krejci, 1992) , and normal occlusion is assumed, measurement was concentrated on the palatal cusps of upper third molars. Measurements were carried out with two different mutually independent methods, namely, by means of ground sections and by means of profilometric plottings. In this way, 4 measurement planes were defined per cusp by both methods: (1) mesio-distal plane, (2) bucco-palatal plane, (3) 450 to 2250 plane, and (4) 1350 to 3150 plane ( Fig. 1 ).
For the ground sections, we used caries-free, non-erupted, extracted upper molars which had been stored in a 0.1% thymol solution. The teeth were embedded individually in a light-curing polymer (Tecno Vit, HeraeusKulzer GmbH, Bad Wehrheim, Germany) and divided at random into 4 groups, each of which represented a separate measurement plane. Each tooth was ground down to a section 20 ,um thick through the highest point in the relevant measurement plane (Exact abrasive disc, Exact Apparatebau, Norderstedt, Hamburg, Germany) and placed on a specimen carrier. The ground sections thus acquired were scanned into a computer (Power Macintosh 9500, Apple Computer, Cupertino, CA, USA) at 18-fold magnification together with a scale. The envelope curve of each cusp was digitalized with a special piece of software (NIH Image 1.59, National Institutes of Health, Bethesda, MD, USA) and saved as a true-to-scale cusp profile. For the profilometric investigation, we used 20 caries-free, non-erupted, extracted upper molars which had been stored in a 0.1% thymol solution. After the roots were severed at an angle 900 to the longitudinal axis, the crowns were fixed with PMMA (Paladur, Heraeus-Kulzer GmbH, Bad Wehrheim, Germany) on circular aluminum carriers and divided at random into 4 groups of 5 test specimens. Each group represented one measurement plane, as detailed in Fig. 1 . After each test specimen had been positioned at an angle 900 to the scanning axis, the cusp morphology was scanned in a digital profilometer (Form Talysurf-50, Rank Taylor Hobson Ltd., Leicester, UK). The length of the scan was 2 mm. The middle of the scanning profile lay on the highest point of the cusp, which had been recorded previously by visual focusing at 50-fold magnification under a stereo microscope. The profiles obtained were digitalized and were then available for further processing.
Calculation of the standard cusp profile was carried out as follows: For each curve, the mid-point of the cusp was set to 0/0 in a two-dimensional co-ordinate system. Proceeding from the mid-point of the cusp, we recorded the value of the y-curve in both directions, every 100 ,um over a distance of 700 p,m. From 5 samples per measurement plane, 5 measurements were recorded per measuring point. Each average measuring point was calculated from the average values derived from the 5 measurements. Next, a mathematic curve function was generated with the aid of statistical software (StatView 4.0, Abacus Concepts, Berkeley, CA, USA), with the peak of the curve passing through the highest point of its antagonist and the two arms of the curve most closely approaching the meeting point of the remaining measuring points. Grinding instruments of a complex shape, of the desired size and with the required accuracy, are extraordinarily difficult to manufacture. An effort was thus made to describe the dome of the curve with a ball radius, which would allow for the simple production of a grinding instrument with symmetrical rotation to manufacture standardized antagonists.
Since it can be assumed, on the basis of data acquired earlier (Krejci, 1992) , that antagonist wear will not exceed 500 jim, the domed area to be calculated was restricted to this height of cusp.
Quantitative and qualitative analysis of wear
To quantify the influence of the various cusp shapes and materials on the wear relationship, we prepared a total of 6 experimental groups, each consisting of 5 restorations and 5 antagonists (Table 1) . Groups NE/CER and NE/FHC represented the clinical situation, inasmuch as the antagonist used consisted of non-standardized palatal cusps of non-erupted 1800 distal human third upper molars. In Groups SE/CER and SE/FHC, standardized palatal enamel cusps were used. In Groups SS/CER and SS/FHC, standardized steatite antagonists were used (Table 2) .
For Groups NE/CER, SE/CER, and SS/CER, a conventional ceramic (Vita CEREC Mk I, 1 10, B3C, Vita, Bad Sackingen, Germany) was used as a restoration material, because it is markedly abrasive to antagonists (Krejci et al., 1993) . The ceramic blocks were cut into slices 2.5 mm thick, etched on the undersurface with 5% HF ( In Groups NE/FHC, SE/FHC, and SS/FHC, a mildly abrasive fine hybrid composite standard to the profession (Charisma, A20, Batch N 068, HeraeusKulzer GmbH, Bad Wehrheim, Germany) was used as a restoration material (Krejci et al., 1994) . The material was similarly mounted in standardized circular metal cavities 8 mm in diameter and 2 mm deep with slight excess, and polymerized for 120 sec with halogen light (Coltolux 4). Immediately after polymerization, the test specimens were polished under water cooling on a polishing machine (Pedemax 2, Struers-Metalog, Copenhagen, Denmark) equipped with silicon carbide discs of grain sizes 180, 500, 1000, 1200, 2400, and 4000 grit at 150 rpm. The thickness of the polished test specimens was exactly 2.0 mm. The specimens were then stored in tap water at 37°C in the dark until subjected to load in the chewing simulator.
For the manufacture of the standardized antagonist cusps, a grinding procedure was chosen because it is relatively easy and practical. For this purpose, at the request of the authors, a manufacturer of diamond-coated rotating instruments (Intensiv SA, LuganoViganello, Switzerland) prepared cup-shaped instruments with 15-p.m grain size, with an inner tip radius of 0.6 mm.
These special diamond-coated grinding instruments and the cusps to be standardized, which consisted of human enamel and a ball of steatite 3 mm in diameter (Hoechst Ceram Tech AG, Frankfurt, Germany), respectively, were clamped symmetrically about their axes in an industrial precision workbench. The cusps were then ground under water cooling at 1000 rpm. The ground cusps were checked in a profilometer for accuracy of shape. For the investigation of wear, cusps were used only if they had a radius of 0.6 ± 0.06 mm. These were mounted centrally on special carriers which allowed for defined repositioning in the chewing machine and in the 3-D wear-measuring device. The antagonists were stored in tap water at 37°C in the dark until being loaded in the chewing simulator.
The wear simulation was carried out in a computer-controlled chewing simulator under standard conditions (Table 3 ) (Krejci et al., 1990) . The individual loading phases are shown in Table 4 . The quantitative analysis of wear in restorations and their antagonists was carried out before load and after each loading phase in a 3-D scanner (Krejci, 1992) . We calculated substance loss by overlaying the scanning data with congruent points and subtracting the initial measurements from the subsequent measurements. Wear in a test object was defined as the largest vertical loss of substance found to have occurred in the occlusal contact area. Determination of the average value from 5 test specimens defined the average loss of substance in a group for the restoration and the antagonist in the occlusal contact area at the relevant time when the loading took place. 
Results
Definition of a standard antagonist cusp
The mathematic description of an average cusp envelope curve, as read at all 4 measurement planes by means of both ground sections and profilometric data recordings, to a cusp height of 500 pum was as follows: among the composite groups. b This mean wear value was higher than the standardized segment of the antagonists and was therefore not included in the statistical evaluation. y= 0.001 X2 The natural cusps were thus rotationally symmetrical, from the tip of the cusp to a distance 500 ,um in the apical direction, forming a parabola. The most suitable ball radius in the area of the dome of this parabola was 0.6 mm (Fig. 2 ).
Quantitative and qualitative analysis of wear The resulting wear in the antagonists is shown in Table   5 . In Group SE/CER, the average wear value exceeded the 500-pim mark after the fourth loading phase. Since the stan- 
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ized enamel cusps fractured under load. The differences among the 3 types of antagonists were significant in the case of the composite groups (p < 0.01), and highly significant in the case of the ceramic groups (p < 0.001) (ANOVA). The various degrees of wear in composites caused by natural enamel cusps and by steatite cusps were striking (Groups NE/FHC and SS/FHC).
During the first two wear phases, the steatite cusps were lower than the natural enamel cusps. In the later wear phases, on the other hand, the situation was reversed. The wear relationship in restorative materials is shown in Table 6. In the ceramic groups, the results after completion of loading displayed a significant difference (p < 0.05) and, in the composite groups, showed a Figure 4 . Standardized highly significant difference (p < was in contact with the 0.001). The sum of the wear in the antagonists and restorations in each group, known as the total vertical substance loss, is shown in Fig. 3 . A clear structural difference was apparent under the scanning electron microscope both between the abraded restoration surfaces and between the abraded antagonists ( Figs. 4 to 6 ).
Discussion
Usually, wear simulations aim to speed up the optimization of materials. For this reason, differences should be easily detectable, which means that low variation is necessary. When the clinical performance of a material is judged, the wear of the antagonist should also be evaluated. The results indicated that steatite was not a suitable Figure 5 . Standardized] enamel antagonist, and conse-was in contact with the quently the working hypothesis is rejected. Enamel antagonists standardized for shape and size yielded wear scores on restoration surfaces comparable with those obtained from natural enamel cusps. However, standardized enamel cusps were almost twice as strongly abraded as natural enamel cusps. In addition, standard deviations for the antagonists of the two enamel groups and for the restoration materials as well were similar, if expressed as percentages. Consequently, the standardization of the cusps did not appreciably reduce the scatter.
From similar wear values in restorations compared with human enamel cusp with vast abrasion at the end of the load test that ceramic material in group 3.
hiuman enamel cusp with enamel fractures at the end ot the load test that composite material in group 4.
standardized and natural enamel antagonists, it can be concluded that standardization of shape and size corresponded to an average natural enamel cusp. The similar standard deviations make it clear that the scatter is due less to the differences in the sizes and shapes of the antagonists than to material-specific deviations. Possible causes are the lack of homogeneity in natural enamel, on the one hand (Schroeder, 1992) , and, on the other hand, the lack of homogeneity in restoration materials (Willems, 1992) . The various wear relationships in enamel antagonists could, at least partly, be due j Dcnt Res 78(2) 1999 Figure 7 . Speculative explanation of the differences in wear behavior of standardized and non-standardized natural enamel cusps. In abraded non-standardized cusps, the aprismatic layer is intact, forming a wear-resistant ring on the periphery; in standardized cusps, it is ground away through the standardization procedure and is thus not present.
to structural causes. Due to standardization, the aprismatic enamel layer localized on each intact cusp was removed (Schroeder, 1992) , the standardized cusps thus consisting of lower levels of enamel. It is known that the hardness of the enamel, which in this case can be associated with resistance to abrasion, increases toward the periphery of the enamel layer (Radlanski, 1997) . Moreover, it could be imagined that the ca. 20-to 100-pm-thick aprismatic enamel surface (Lehmann and Hellwig, 1993) is more resistant to wear than the prismatic enamel further down, which would explain the at-least-twiceas-high substance loss in standardized enamel antagonists. Here, the aprismatic layer would influence not only initial wear, but also long-term wear, since, in the case of a cone-shaped cusp, this layer remains in the form of a 20-to 100p.m-wide ring on the periphery as a support following abrasion of its tip (Fig. 7) . The supposition that inhomogeneity of materials could be the most important factor affecting the scatter of the resulting wear is further supported by the relationship st that was in contact with of the steatite cusps standardized 'bvious.
as to their composition: Groups SS/CER and SS/FHC showed the lowest standard deviations in percentage terms, relative to both the antagonists and the restorations. The fact that the standard deviations still lay between 8 and 18% of the corresponding mean values could be attributed to the slightly porous structure of the steatite, as well as to the structural inhomogeneity of the restoration substances, i.e., composites and ceramics. However, the markedly different wear values of steatite antagonists in comparison with natural enamel antagonists have proved to be the main problem, thus making steatite unsuitable for investigations into wear.
Fracturing in standardized enamel cusps in Group SE/FHC is unusual. If present at all, fracturing in antagonists would be more likely to be expected in hard ceramics, as shown in earlier investigations, than in the more resilient composite restorations (Krejci et al., 1993) . A possible explanation could be that the antagonist in the case of ceramics is very quickly abraded. Thus, the chewing forces could be distributed over a larger surface, thereby reducing the pressure peaks. In the composite restorations, the antagonists were abraded to a minor extent, thus concentrating the chewing force on a smaller surface. The fact that enamel fracturing developed here in contrast to the non-standardized enamel cusps could thus be attributed to the supposition that the superficial aprismatic enamel layer was missing in the ground standardized cusps. This layer may possibly contribute to structural stabilization in addition to increased resistance to abrasion.
With regard to the shapes and sizes of cusps, a comparison of our results with those from other studies is difficult, since no comparable data could be found in the literature. When measuring wear, Fang et al. (1993) and Wassel et al. (1993) found a match between steatite and natural enamel, in contrast to the results presented in this study. However, these authors restricted their measurements to wear in restorations and did not quantify the relationship with the Antagonist Standardization and Wear antagonists. Furthermore, the shapes of their steatite antagonists were random and did not in any way correspond to the clinical situation. This investigation thus confirms results obtained previously, whereby natural, non-standardized enamel cusps were selected as the most suitable antagonists for in vitro simulation (Krejci et al., 1990 Lutz et al., 1992) .
